In the process of battery system design and operation, accurate battery modelling is a key factor. Generally speaking, the electric characteristics of a given battery cell are necessary for a designer to build an equivalent circuit model. The equivalent circuit design entails the creation of both the sizing of components used in the circuit and the topology. So, it is very hard to build an accurate battery model for electric vehicles. This paper presents a single method to design an accurate equivalent circuit by computer automatically. The obtained model enables the assessment of the cells' state of charge (SOC) precisely using model-based state estimation approaches.
Introduction
Being an energy storage source, battery is a key factor for Electric Vehicles (EVs) development (Yan et al., 2010; Lorchat and Noel, 2006) . The lithium-ion battery is known as the most promising green battery for its tremendous advantages such as good performance in charge, discharge and high-energy density. However, the battery is a strong time-variability and non-linear system (Andre, 2011; Plett, 2004) . The state parameters, such as Open-Circuit Voltage (OCV), equivalent internal resistance and capacity, can change in different ambient environments and with different factors (Hu and Yurkovich, 2011) . Its internal resistance can be used to evaluate the performance of the battery and its State of Health (SOH). The OCV can be used to estimate the State of Charge (SOC) based on the intrinsic characteristics of the battery, and it will decline proportionately with the expenditure of the energy (Chao and Chen, 2011; Shen, 2010) .
To estimate the OCV, internal resistance and other parameters, developing a proper model is very useful (Virulkar, 2011) . Three kinds of battery models are used in EVs design. The simplified electrochemical model which is based on the electrochemical theory can describe the characteristics of the battery and the inner action of it, but it cannot handle the nonlinear characteristics and cannot simulate the dynamic performance (He, 2010; He, 2011a,b; He, 2012a,b) . The neural network model takes the weights of neurons into account, but it can only be used within the original scope of the trained data (Cui et al., 2012) . The equivalent circuit model constructs circuit networks with resistors, capacitors and voltage sources. Typically, an ideal voltage source and a capacitor were used to represent the OCV. The equivalent circuit model was widely used in building battery management system and EVs design (Ferg et al., 2013) .
However, to build an accurate equivalent circuit model is a hard work (Fairweather et al., 2012; Zhu et al., 2011; Roscher and Sauer, 2011) . To satisfy the design objectives, choosing suitable topology and size of the circuit involves a lot of special knowledge and complex computations. It is always beyond the capabilities of an ordinary EVs designer. So, this paper presents a single method to automatically design both the topology and the size of the equivalent circuit using genetic programming. In Section 2, the genetic programming algorithm and various equivalent circuit models are presented. In Section 3, we introduce the method for developing an equivalent circuit. In Section 4, evaluation on the accuracy of different battery models is carried out. In Section 5, we make a conclusion and point out the next work.
Related work

Genetic programming
Genetic programming is a systematic method for getting computers to automatically solve a problem and was invented by Koza (1992 Koza ( , 1994 . It is a domain-independent method that genetically breeds a population of computer programs to solve a problem. The genetic operations of it include crossover, mutation, reproduction, gene duplication and gene deletion. It can be seen as an extension of the genetic algorithm (Holland, 1975) .
There are five preliminary steps to solving a problem using genetic programming: (1) choosing the terminals, (2) choosing the functions, (3) deciding the fitness function, (4) deciding the control parameters and (5) deciding the termination criterion.
In Koza's terminology, the terminals and the functions are the components of the program. The connections between the terminals and functions indicate the order in which operations are to be performed. The choice of components of the program and the fitness function largely determine the space which genetic programming searches, consequently how difficult that search is and ultimately how successful it will be. The control parameters include the size of the population, the rate of crossover, etc. The termination criterion is simply a rule for stopping. Typically, the rule is to stop either on finding a program which solves the problem or after a given number of generations. 
The battery models
Many battery models have been proposed for the purpose of battery management system development and vehicle power management control (Xiong et al., 2012) . The electrochemical models utilise a lot of non-linear differential equations to present the thermodynamic, kinetic phenomena and pertinent transport occurring in a cell. However, a large number of parameters were always used in the Partial Differential Equations (PDEs), which leads to a huge memory requirement and heavy computation burden. So, simplified electrochemical models were proposed to simulate the electrochemical and voltage performance. But the thermodynamic and quantum effects were ignored by them. Shepherd model, Nernst model, Unnewehr Universal model and combined model are typical models of it. The equivalent circuit battery models constructed by resistors, capacitors and voltage sources are very useful for modelling and simulation of EVs and for the development of the model-based BMS. The core technology of these battery model is how to evaluate and balance the complexity and accuracy of a given battery model.
The commonly used models are the Rint model, the Thevenin model and the DP model. The equivalent circuits of them are shown in Figure 1 . In the figure, UL is the terminal voltage; IL is the load current; R0 is the internal resistance; U∞ is the OCV; UP is the voltages across Cp; Cpa, Cpb and Cp are the effective capacitances used to model the polarisation characteristic; Upa, Upb and Up are the voltages across Cpa, Cpb and Cp; and Rpa, Rpb and Rp are the effective resistances of them.
Using genetic programming to evolve equivalent circuits
Several modelling techniques are used for constructing equivalent circuits. These techniques are always used together in a complex modelling process. Building equivalent circuits via GP is a methodology to automatically generate circuit models that describe functional relationships on given circuit parameters. It is because no a priori information is given that the search space is a set of all possible models representing the valid functional relationship on the given variables, so the classical numerical optimisation techniques will become ineffective. So, if we want a simple model with interpretable analytic expressions, GP is a more suitable algorithm for building equivalent circuits than other algorithms. The equivalent circuits comprise a variety of components, including resistors, capacitors and an ideal voltage source. The circuits have one input and one output. The procedure breeds a population of rooted, point-labelled trees (acyclic graphs) with ordered branches, whereas the equivalent circuits consist of line-labelled cyclic graphs. GP can be used in circuits when a mapping is established between the program trees used in GP and the cyclic graphs germane to electrical circuits.
The functions in the circuit-constructing program trees contain Connection-Modifying Functions (CMFs), ComponentCreating Functions (CCFs), Arithmetic-Performing Functions (APFs) and Automatically Defined Functions (ADFs). With the constrained syntactic structure, each branch of the program tree is created. Branches are composed of constructioncontinuing sub-trees and arithmetic-performing sub-trees.
In fact, for a complex optimisation problem with individuals of different structure and parameters, traditional GP is always very inefficient when it is used to deal with the heterogeneous individuals. In this paper, we divide individuals into different groups according to their sizes. The competitions between different individuals were limited only in the same groups. The method maintains a seriesparallel hybrid evolutionary process in which selection pressure was limited in a special area (group), so that the operations will not destroy the continuity of the evolution and the optimisation process was accelerated.
The embryonic circuit
The equivalent circuit is created by circuit constructing program tree which contains various component-creating and topology-modifying functions. In the initial step, only a circuit source and a load resistor appear in the embryonic circuit.
Component-creating functions
Each program tree in the population contains CCFs and CMFs. The CCFs insert a component into the developing circuit and assign a value to it. The CCFs consist of arithmetic functions and random constants. After the operations coming from the two-argument resistor-creating function, capacitorcreating function and inductance-creating function, the original equivalent circuits in Figure 2b were changed into Figures 2b-2d.
Connection-modifying functions
Each CMF in a program tree points to an associated component and modifies the topology of the equivalent circuit. The one-argument polarity-reversing function can exchange the positive end and the negative end of the given component. The three-argument series division function F3 creates a series composition consisting of the selected component consisting of a copy of it, one new modifiable wire and two new nodes. Figure 3a illustrates the operation result of the function when it was used to Figure 2b . The four-argument parallel division functions F4 create a parallel composition consisting of the original selected component, two new modifiable wires and two new nodes. Figure 3b illustrates the operation result of the function when it was used to Figure 2b . The one-argument function F1 does not perform any operation on the highlighted component; it only delays activity on the path. The zeroargument function F0 lets the component to lose its chance so as to end the particular development path.
Function and terminal sets
The function set for the circuit design depended on the type of electrical components that were used to construct the circuit. In the paper, capacitors, resistances, inductances and power source were used for constructing the equivalent circuits.
Control parameters
The population size M, the crossover rate, the reproduction rate and mutation rate were set to 100, 0.9, 0.1 and 0.01, respectively. The experiment was conducted on a 3.0 GHz Pentium PC with 512MB of memory running with Microsoft Windows XP to measure the performance of the proposed approach. 
Fitness measure
The evolutionary process of the equivalent circuit was guided by the fitness value of it. The individual circuit-constructing program trees in the initial population begin to execute from an embryonic circuit. Firstly, the current circuit is set to the embryonic circuit. Secondly, the individual circuit-constructing program is then executed, causing the CCFs and CMFs to be applied, leading to a netlist expressing the current circuit. Then, the netlist is simplified. All wires will be removed and the nodes to which the wires connected are merged. At the same time, the isolated substructures and dangling components will be removed too. The fitness measure is largely decided by the statement of desired circuit behaviour. In this paper, the Root Mean Square Error (RMSE) of the equivalent circuit (individual) was set to the fitness value.
Experiments
Battery test bench
The test bench is shown in Figure 4 , which consists of a thermal chamber for environment control, a host computer, a Digatron battery test system BNT 400-050 and BTS-600 interface for programming the BNT 400-050. The maximum voltage and the maximum charge/discharge current of BNT 400-050 were 50 V and 400 A. In fact, the device can record the experiment data including temperature, current, voltage, accumulative amp-hours (A h) and watt-hours (W h). The host computer can collect the data through TCP/IP protocol.
Battery test schedule
The battery is kept in the thermal chamber in which the temperature is within 15-25°C. The available capacity test was firstly carried out to measure the maximum available capacity. Usually, after three times of test, if the error between the maximum and average capacity is within 2%, it will be taken as the actual maximum available capacity (Idaho National Laboratory, 2010 
Circuit model evaluation
In this paper, the data collected in the characteristic test were used for the identification of the model and the parameters of the individuals. The battery we used was LiFePO 4 cell and the actual maximum available capacity of it was 10.7 A h. The sample voltage, current curve, current profiles and voltage profiles, and SOC profiles in HPPC test are shown in Figure 5 separately. We obtained the initial SOC and the terminal SOC by standard charging/ discharging experiment. The amperehour counting approach and compensation of the coulomb efficiency were used to calculate the SOC. The HPPC test was carried out at 0.1 SoC intervals (C/3 discharge segments) starting from 1.0 to 0.1. Two hours' rest was implemented to get an electrochemical and thermal equilibrium condition before the next test. The sampling time is 1 s. 
The DST uses a 360-s sequence and seven discrete power levels. The DST test is often used to evaluate different battery models and SoC estimation algorithms. To evaluate the models, six consecutive DSTs were carried out. We can see this in Figure 6 , in which the initial SoC is 100%. FUDS is a typical driving cycle which is often used to evaluate different SoC estimation models. The sampled current profiles involved in these experiments are shown is Figure 7 .
Due to the difficulty to determinate the exact SoC value, a standard charging and discharging experiments were carried out after a test. So, the initial SoC and the terminal SoC are accurate. Based on the experimental data, regression analyses were conducted at different SoC separately. The test data of HPPC test, DST test and FUDS test were used to identify the unknown parameters at each SoC. The identification results of these models were parameters used in these models. Having obtained the needed parameters, we can evaluate the four battery models (the Rint model, the Thevenin model, the DP model and the model obtained by GP) under the HPPC test. The statistics results of the RMSE are shown in Figure 8 , from which we can find that the mean error and mean RMSE of the model obtained by GP is clearly better than that of the Rint, the DP and the Thevenin models. In Figures 9 and 10 , the accuracy of the model obtained by GP is also proved to be better than that of the other models. In fact, the Rint model always has a big estimation error for the ignorance of the battery's dynamic voltage performance. The Thevenin and the DP models always have good online estimation precision with small voltage errors and relatively small RMSE. We can find this from Figures 9 and 10. However, though the three models (the Rint, the Thevenin and the DP models) inspired by the physical model have better interpretation ability than the model obtained by GP, the mean error and RMSE of the model obtained by GP are always less than that of the other models. 
Conclusion
In this paper, we have represented a GP algorithm to build an optimal equivalent circuit model to eliminate the labour of the designer and to obtain an accurate equivalent circuit. The evaluation results of the FUDS test, the DST test and HPPC test come to a conclusion that the models obtained by GP are more accurate than the other three models owing to the usage of optimisation algorithm. However, the implementation time of the proposed algorithm is somewhat long. Given enough time, GP algorithm can give more accurate solutions than others. So, the next work we will carry out is to accelerate the optimal process to meet the demand of the designer.
